Several heat-based sap flow methods, such as the heat field deformation method and the heat ratio method, include the thermal diffusivity D of the sapwood as a crucial parameter. Despite its importance, little attention has been paid to determine D in a plant physiological context. Therefore, D is mostly set as a constant, calculated during zero flow conditions or from a method of mixtures, taking into account wood density and moisture content. In this latter method, however, the meaning of the moisture content is misinterpreted, making it theoretically incorrect for D calculations in sapwood. A correction to this method, which includes the correct application of the moisture content, is proposed. This correction was tested for European and American beech and Eucalyptus caliginosa Blakely & McKie. Depending on the dry wood density and moisture content, the original approach over-or underestimates D and, hence, sap flux density by 10% and more.
Introduction
Accurate measurements of whole-tree water use are needed in many scientific disciplines such as hydrology, ecophysiology, ecology, forestry and climatology. Several techniques based on heat dissipation have been developed for this purpose. The heat generated within the tree stem is not only dissipated by conduction in the wood-water matrix, but is also transported through convection caused by the moving sap, which is the indicator of sap flux density. While the compensation heat pulse method (Swanson and Whitfield 1981, Green and Clothier 1988) operates independent of the thermal diffusivity D of the sapwood, for several others, whether based on continuous, such as the heat field deformation (HFD) method (Nadezhdina et al. 1998 , Vandegehuchte and Steppe 2011 , or pulsed heating, such as the heat ratio method (HRM) and the Tmax method (Marshall 1958 , Cohen et al. 1981 , Clearwater et al. 2009 , D is a crucial parameter to determine sap flux density. As in the applied sap flow equations D is directly linearly proportional to sap flux density, an error of x% will lead to an equal error in sap flux density (and hence calculated sap flow) for the HFD and HRM. This high linear sensitivity of sap flow measurements towards D has been reported in the sensitivity analysis of Steppe et al. (2010) . For the Tmax method, the influence of D on sap flux density is less straightforward. The sensitivity analysis of Cohen et al. (1981) indicates that a 10% error in D only leads to a maximal error of 3% in sap flux density for a probe spacing of 5 mm and even smaller for larger probe spacing. Thermal diffusivity D (m 2 s −1 ) is defined as (Bouguerra 2001) gradient (W m −1 K −1 ), ρ is the density of the fresh sapwood (kg m −3 ) and c is the specific heat capacity of the fresh sapwood, describing its ability to store heat (J kg −1 K −1 ) (see Appendix for a list of symbols). D can thus be seen as a measure of how quickly the sapwood can absorb or release heat from or to its surroundings (Bouguerra 2001) .
Despite its importance as a parameter in sap flow calculations, little attention has so far been paid to characterizing D in a plant physiological context. Most research has been done on wood that is used as the construction material and the results are therefore only applicable for dry wood samples. These dry samples have a moisture content, calculated as the ratio of the weight of water divided by the dry weight of the sapwood, below the point where only bound water is present (fibre saturation point) (Harada et al. 1998 , Suleiman et al. 1999 , AdlZarrabi et al. 2006 ). Simpson and TenWolde (1999) state that D measurements for moisture content values >25% are few in number and generally lack accuracy. As the moisture content in sapwood of living trees ranges between 98 and 249% for conifers and between 44 and 162% for hardwoods, depending on species and seasonality (Skaar 1988) , there clearly is a lack in D knowledge for sap flow applications. Marshall (1958) already stated that 'the thermal diffusivity depends on the moisture content of the sapwood and possibly on other factors' and expected D to lie somewhere be tween 0.0014 and 0.0040 cm 2 s −1 . Despite this range, in current sap flow research, D is often taken as an average value of 0.0025 cm 2 s −1 . In his research, Marshall (1958) developed a method to calculate D based on temperature measurements on specific times after the application of a heat pulse through a linear heater. This method is based on the solution of the conduction equation for an ideal instantaneous line source of heat as calculated by Carslaw and Jaeger (1947) to which a convection term was added:
Marshall (1958) as a reference for thermal diffusivity in trees
with ΔT being the temperature difference measured at point (x,y) when an ideal heat pulse is released at point (0,0), D the thermal diffusivity (m 2 s −1 ), t (s) the time after application of the heat pulse and Q (K m 3 m −1 ) the temperature to which the amount of heat liberated per unit length of the line would raise a unit volume of the substance. This means that Q (K m 3 m −1 )c (J kg −1 K −1 )ρ (kg m −3 ) joules per unit of length of the heater are released along the line source. In this equation, the temperature change due to convection is considered to occur through movement of both the wood and the water. Therefore, V stands for the speed at which the weighted average of the sap and the wood substance moves, even though in reality the wood matrix itself is stationary (Marshall 1958 ). Since it is practically not possible to generate an ideal instantaneous pulse, this solution is only an approximation. To obtain D, Eq. (2) is fitted to the obtained temperature data by determining four data points on the temperature-time curve. These points are chosen so that t 1 + t 4 = t 2 + t 3 = 2t 2 . By substituting the corresponding temperature values in Eq. (2), Q can be eliminated and one obtains two equations with two unknown parameters: D and V. Based on this approach for Pinus radiata D. Don, a D value of 0.0025 cm 2 s −1 was obtained. Interestingly, both the HFD method (Nadezhdina et al. 1998 , Vandegehuchte and Steppe 2011 and the HRM method use this diffusivity as the initial value for their calculations. Both Cohen et al. (1981) and Green et al. (2003) determined D of poplar under conditions of zero sap flow based on an adapted equation, deduced from Marshall (1958) , the Tmax method:
where t m is the time (s) between the heat pulse and the maximum temperature rise recorded x m above or below the heater. This method has the advantage that only the maximal rise in temperature needs to be recorded, which is more easily derived from temperature graphs than the data points needed in the method of Marshall (1958) . D values ranging between 0.0018 and 0.0021 cm 2 s −1 were found applying this adapted equation for poplar. It was also later applied by Clearwater et al. (2009) on small-diameter stems and fruit pedicels. Because in the latter study, D was determined for a combination of the wood and the surrounding gauge material, no absolute D values are mentioned. However, some remarks concerning the methods of Marshall (1958) and Cohen et al. (1981) need to be taken into account.
First of all, the applied theoretical equations are based on an ideal instantaneous heat pulse. Depending on the actual duration of the applied pulse, this can lead to small deviations in D, resulting in deviations in sap flux density. Kluitenberg and Ham (2004) mention errors of up to 9% for D calculations when applying heat pulses of >1.5 s. In addition, the method of Marshall (1958) seems impractical as the four time points need to be specifically chosen to reach the requisite of t 1 + t 4 = t 2 + t 3 = 2t 2 . As for the Tmax method of Cohen et al. (1981) (Eq. (3) ), zero flow conditions are required. Moreover, it is based on one time point (on which the maximal temperature rise occurs) which makes it susceptible to scatter in the temperature data, although this problem can be avoided by applying curve fitting. Additionally, Green et al. (2003) have shown that at low flow rates, the measured temperature signal has a broad peak, impeding the determination of t m . Besides, it is often difficult to distinguish zero flow from low flows using the Tmax method, unless the flow is artificially stopped by destructively felling the tree above the sensors.
Application of thermal diffusivity in the HRM
Despite the problems mentioned above, the HFD method applies D as a constant, being 0.0025 cm 2 s −1 , as suggested by Marshall (1958) . By applying such a constant value for D in sap flow measurements, changes in relative water content are not taken into account. Nevertheless, these changes have been shown to influence heat transport in sapwood and hence D (Green et al. 2003) .
Also the HRM initially sets D at 0.0025 cm 2 s −1 , resolving the value further once sapwood properties are destructively measured to calculate the corrected sap flux density based on the work of Swanson (1983) . To this end, fresh and oven-dry weight and fresh volume of a wood sample need to be determined and are used to calculate fresh/dry sapwood density and moisture content (ratio of the water weight to the dry wood weight) . The strength of this method lies in the use of an empirical relationship for the calculation of the axial thermal conductivity. Hence, unlike the other methods, it is not dependent on point measurements of temperatures after application of a heat pulse nor on zero flow conditions as a sample is taken from the sapwood. Given the growing popularity of the HRM, this method to determine D has been frequently applied. Table 1 gives an overview of the recent papers in which thermal diffusivity was calculated accordingly. From the 43 papers investigated, 29 mentioned the application of the method as described in Burgess et al. (2001) , while 11 did not mention it specifically, but did apply HRM measurements to quantify sap flow. Hence, it is assumed that in these studies the method was also applied. In only three papers, the HRM was used relatively, pre-empting the use of thermal diffusivity.
But are we missing the point when applying the thermal diffusivity theory?
Although the recalculation based on fresh/dry sapwood density and moisture content is currently considered as the way to determine D in sap flow research , the underlying theory is incorrect for sapwood with moisture contents above the fibre saturation point, which is the case for most, if not all, transpiring trees during sap flow measurements. The approach proposed by Burgess et al. (2001) applies the method of mixtures as mentioned in Skaar (1988) to determine c (J kg −1 K −1 ) of wet wood:
with w f being the fresh and w d the oven-dried weight of a wood sample (kg) and c w and c d the specific heat capacity of water (4186 J kg −1 K −1 ) and dry wood (1200 J kg −1 K −1 ) at 20 °C, respectively (Edwards and Warwick 1984) . This method is known to underestimate c of wet wood because the energy in the wood-water bonds is not taken into account (Kelsey and Clarke 1956) . These authors state that this could lead to differences of up to 10%. Morton and Hearle (1975) highlighted that c of sorbed water itself is lower than that of free liquid water. This was, however, not taken into account in the calculations of Kelsey and Clarke (1956) nor in the calculation of Hearmon and Burcham (1955) as they used the same c for both free and bound water. Nevertheless, bound water, when the moisture content exceeds the fibre saturation point (m c_FSP ), generally accounts for ~30% of the total water expressed as water mass per dry wood mass (Siau 1984) , although this value can be higher for low dry wood densities and lower for high dry wood densities (Skaar 1988) . It is thus difficult to conclude if this manner of determining c will lead to over-or underestimations for sapwood, which generally contains high percentages of free water. However, the method of mixtures is generally considered as a reliable calculation procedure (Stamm and Loughborough 1935, Steinhagen 1977) . Similarly as for c, a method of mixtures, modified from Turrell et al. (1967) and also mentioned in Swanson (1983) , is used to determine thermal conductivity K (W m −1 K −1 ):
with K w and K d the thermal conductivity of water (0.5984 W m −1 K −1 ) and dry wood at 20 °C, m c the moisture content of the sample (ratio of water weight to dry wood weight), and ρ w and ρ d the densities of water and dry wood (kg m −3 ). To determine K of dry wood (K d ), an equation based on a theoretical model developed by Siau (1971) is used:
with F v being the void fraction of the wood. This equation was obtained by a single-cell model with cell dimensions of unity length, width and height and an internal lumen with a length and width of dimension a (=√F v ) (Figure 1 ). For a flux in the direction of the fibre axis, K d becomes
with K mx the (longitudinal) thermal conductivity of the (wet) wood matrix and K air the thermal conductivity of air. To obtain Eq. (6), Eq. (7) was fitted to K d data found in the literature and a good agreement was obtained when using 0.0001 cal cm −1 s −1 K −1 (0.04186 W m −1 K −1 ) for K air and 0.0021 (Siau 1971) . So far, the method seems theoretically sound, neglecting similar implications of using a mixed-model as for the determination of c. However, the conductivity single-cell model of Siau (1971) is based on a combination of K of cell wall material (with certain moisture content) and an air-filled lumen without unbound water. Hence, the model was developed for non-saturated wood.
In this model, the void fraction is defined as
with G being the specific gravity of wood (dry mass per fresh volume divided by the density of water) at moisture content m c (moisture per dry weight), ρ cw the cell wall density (1530 kg m −3 , Kollmann and Côté (1968) ) and ρ w the sap (=water) density (1000 kg m −3 ). This void fraction thus indicates the volume fraction of air in the wood. Interestingly, this expression is valid for moisture contents below the fibre saturation point. When deducing Eq. (7) from the conductivity single-cell model, Siau (1971) highlighted that K d is not independent of m c . He reasoned that an increase in moisture content decreases the porosity F v of the wood resulting in an increase in K d . This reasoning is, however, an oversimplification of reality, as the rise in K d will be not only due to a decrease in porosity but also due to the fact that the thermal conductivity of (bound) water is higher than that of completely dry wood components without water or air (0.10512 W m −1 K −1 according to Stamm (1964) ). Nevertheless, for practical purposes of wood that is used as a construction material, Siau (1971) concluded that K mx can be considered independent of m c . The fit of experimental data to Eq. (7) led to small deviations for m c ranging from 0 to 25%, justifying his assumption. This fit led to the value of 0.0021 cal cm −1 s −1 K −1 for K mx and Eq. (6). However, the main implication of the use of this model in sap flow research lies in the interpretation of m c . In the first part of Eq. (5), describing the contribution of water to the total thermal conductivity, m c is used as a measure for the amount of free water. In the second part of Eq. (5), describing the contribution of dry wood, the same m c is used. The conductivity K d , however, already takes into account the water bound in the wood matrix. This implies that m c ascribed to free water will be smaller than total m c calculated as the difference between fresh weight and oven-dry weight divided by the fresh weight of a sample. Moreover, the void fraction F v represents the void fraction at fibre saturation point, which will be larger than the void fraction at higher moisture contents.
Corrected equation to determine thermal conductivity K
For a correct application of the concept, Eq. (7) should be used to calculate the total thermal conductivity for m c below the fibre saturation point as was intended by Siau (1971) . For higher m c , the following equation should be used:
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with
It is, hence, Eq. (10) that should be used to determine thermal diffusivity in sapwood instead of Eq. (5), which has so far been used. The objectives of this paper are to estimate the errors in thermal diffusivity and sap flux density across varying wood properties due to application of the erroneous Eq. (5), which does not distinguish between bound and unbound water in sapwood.
Materials and methods

Sensitivity analysis
To assess the difference in water use according to the current practice for HFD and HRM and the results generated using Eq. (10), the relative error (q s_err ) in sap flux density (q s ) was determined, calculated as the difference between q s obtained based on Eqs. (5) and. (10), respectively, divided by q s based on Eq. (10). To gain insight into the influence of different parameters in Eqs. (5) and (10) on this relative error, the centralized relative sensitivity function of this relative error q s_err towards each parameter θ was calculated as 
with Δθ taken as 1% of the source component value θ. This way, the relative sensitivities of q s_err to m c , m c_FSP and ρ d were calculated. Besides, a sensitivity measure δ meas similar to that of Brun et al. (2002) , Steppe et al. (2006) 
where k is the sensitivity m c instance, N the number of m c instances for the sensitivity function and s i,k the relative sensitivity of q s_err to the parameter of interest (m c , m c_FSP or ρ d ). As m c_FSP generally ranges between 15 and 35%, depending on wood species (Skaar 1972) , these values were implemented in the simulation. For dry wood density, Skaar (1972) mentions a range from 310 kg m −3 for western red cedar up to 1100 kg m −3 for Ceylon satinwood. Note that ρ d also varies within species, depending on age, height and environmental conditions.
Plant material
To assess the implications of the misinterpretation of the method of Siau (1971) in the field, experiments were conducted in which wood sections were taken from European (Fagus sylvatica L.) and American (Fagus grandifolia Ehrh.) beech, both diffuse-porous hardwoods. Sapwood sections of three 10-to 20-year-old European beech trees were taken at the experimental forest 'Aelmoeseneie' of Ghent University (Gontrode, Belgium) and sections from two 60-to 70-year-old American beech trees were taken from Whitehall forest, the experimental forest of the University of Georgia (Athens, GA, USA). The trees had a stem diameter at breast height ranging from 14 to 21 cm. For each cut tree, a sapwood section was taken at breast height. For two of the European and American beech trees, wood sections were also taken at 50 cm above breast height. After measuring the fresh weight of these sections, the volume was determined by immersing the fresh wood sample, tightly wrapped in parafilm (Parafilm M, SPI Supplies/Structure Probe Inc., West Chester, PA, USA) to avoid water adsorption, in water and applying Archimedes' principle. Afterwards, the sections were dried to determine their dry weight. From these measurements, m c , ρ d and F v and F v_FPS were determined. Fibre saturation point values were determined according to Roderick and Berry (2001) :
with ρ d (kg m −3 ) being the dry wood density and ρ the density of water (1000 kg m −3 ).
Thermal conductivity versus moisture content: original versus corrected method
For one European beech tree, a stem segment of ~1 m was cut in the forest. The ends of this segment were sealed with parafilm (Parafilm M, SPI Supplies/Structure Probe Inc.) and enclosed in a plastic bag to minimize evaporation. After transportation to the Laboratory of Plant Ecology, Ghent University, a small section of sapwood of ~250 cm 3 was cut from the centre of this larger segment. This section was weighed, left to dry and then wrapped in parafilm (Parafilm M, SPI Supplies/ Structure Probe Inc.) for 1 h to ensure a homogeneous moisture content. Then the weight of the section was measured. This was repeated to obtain a range of moisture contents from ~0.45 to 0.8. Afterwards, the volume of the section was determined according to Archimedes' principle. These measurements allowed us to establish a relation between thermal conductivity and moisture content both for the original and for the corrected method.
Implications of the correction for actual sap flow measurements
To assess the implications of an inaccurate estimation of thermal diffusivity due to a misinterpretation of moisture content, sap flow in a Eucalyptus caliginosa Blakely & McKie was measured using the HRM . From this E. caliginosa Blakely & McKie, a segment with diameter 9.1 cm was freshly cut, prepared and hung in a gravimetric validation system similarly as done by Steppe et al. (2010) . In this way, HRM measured sap flow with the diffusivity calculated according to both Eqs. (5) and (10) could be compared with gravimetric data of sap flow. For this experiment, a commercially available HRM sensor was used, consisting of a heater needle and two measurement needles located 5 mm upwards and downwards of the heater needle, respectively (ICT International Pty Ltd, Armidale, Australia). For this sensor, the diameter of the needles is 1.5 mm and their length is 35 mm and a wound width of 18 mm was assumed.
In each measurement needle, two thermocouples are located at, respectively, 7.5 and 22.5 mm from the needle tip, located, respectively, 3 and 18 mm below the bark. For these measurements, D was calculated according to both Eqs. (5) and (10). To correct for the radial sap flux density profile, an HFD sensor (ICT International Pty Ltd) was also installed (Steppe et al. 2010) . This sensor was installed 10 cm axially upstream and 90° tangentially from the HRM sensor and has the ability to determine sap flux densities at eight different depths, with 10 mm between each measurement depth and the first depth at 3 mm below the bark. Hence, for both sensors, a measurement point is located at 3 mm below the bark for which the ratio of the HRM to the HFD sap flux density was determined. By multiplying this ratio to the sap flux densities obtained by the HFD sensor at the other seven depths, a radial profile was calculated based on the accuracy of the HRM measurements (Steppe et al. 2010) . Hence, it was possible to determine the sap flow through the segment more accurately, combining the relative HFD radial profile with the absolute values of the HRM. The fibre saturation point was determined according to Eq. (13). A wood section of 19.6 cm 3 was taken at the position of the HRM sensor from which fresh weight, dry weight and volume were determined, necessary to calculate thermal diffusivity.
Statistical analysis was performed in TIBCO Spotfire S+ 8.2. Figure 2 shows the results of applying Eqs. (5) and (10) for different dry wood densities (ρ d ) and fibre saturation points (m c_FSP ) over a wide range of moisture contents. In Figure 3 , the relative error in sap flux density (q s_err ) due to the application of Eq. (5) instead of Eq. (10) is given for these same sapwood parameters. The corresponding relative sensitivities of q s_err to m c , m c_FSP and ρ d are presented in Figure 4 while Figure 5 represents the sensitivity measures δ meas . Table 2 shows the moisture content, dry wood density and corresponding thermal conductivity according to Eqs. (5) and (10) for both the European and the American beech sections. The percentage over-or underestimation due to the application of Eq. (5) in comparison to Eq. (10) is given in Figure 6 . For the dry wood densities available, the use of Eq. (5) leads to underestimations of thermal diffusivity (and hence sap flux density) of up to 10%. Overall, based on a modified Levene test to test for homogeneity of variance, the variability between tree species is not more significant than the variability between trees of the same species or even variability within the same tree according to height. Samples taken at different heights can lead to large differences in calculated thermal diffusivity. Figure 7 shows the thermal conductivities according to Eqs. (5) and (10) for different moisture contents of the European beech sample. Apparently, errors were larger for lower moisture content and practically zero for higher moisture content for this specific dry wood density, which corresponds to the data presented in Figure 2 . Overall, the error for this specific sapwood sample was maximally 4.5%.
Results
When comparing the obtained sap flow using both Eqs. (5) and (10) with the gravimetric reference data for E. caliginosa, it Improving sap flux density measurements by determining thermal diffusivity 935 is clear that Eq. (10) leads to a better fit (Figure 8 ) when applying the HRM, corrected for the relative radial profile obtained with HFD ( Figure 9 ). Linearly regressing the difference in results based on Eq. (5) and those based on Eq. (10) versus the gravimetric sap flux densities led to a significant slope of 0.11. Hence, for this experiment, an underestimation of ~11% for D was obtained when applying Eq. (5) instead of Eq. (10).
Discussion
As is clear from Figure 2 , variations in moisture content, fibre saturation point and dry wood densities among and within species can lead to large over-or underestimations of K. This results in a relative sap flux density error varying between −15 and +22%, depending on ρ d , m c and m c_FSP (Figure 3 ). For the lower dry wood densities (~350 kg m −3 ), application of Eq. (5) leads to overestimation of q s , while for the upper values (~1000 kg m −3 ) it leads to underestimation. For average ρ d (~600 kg m −3 ) and m c of ~0.8, the error is negligible. Clearly, the relative error is highly influenced by differences in ρ d , which is confirmed in the sensitivity analysis (Figures 4  and 5 ). Note that δ meas for m c is always higher than for m c_FSP , even though for low dry wood densities the relative sensitivity to m c approximates the relative sensitivity to m c_FSP for moisture contents between 0.7 and 1. Moreover, m c_FSP can quite accurately be determined by Eq. (13). Hence, large errors for this parameter are not expected if ρ d is accurately determined (Berry and Roderick 2005) . As ρ d is known to be dependent not only on species but also on age, height and environmental conditions, this parameter should be measured in close proximity of the installed sap flow sensor. Likewise, differences in m c of 60% and more have been reported for different species (Peck 1953) . Moreover, m c poses a greater challenge than ρ d as it has been shown to also vary seasonally up to 25% (Peck 1953 , Gibbs 1958 , Henderson and Choong 1968 and even 40% (Gibbs 1958 ). More recently, Borghetti et al. (1998) have shown a clear relationship between water content in the xylem of twigs and twig water potential. As they have shown diurnal patterns for twig water potential, these same patterns will occur for twig water content, implying not only seasonal but also diurnal m c changes. Moreover, Scholz et al. (2007) have detected daily changes of up to 18% in relative water content, calculated as (5) and (10) for the experimental trees. EU indicates European beech while US refers to American beech. BH stands for breast height. For each sample, the corresponding stem diameter at sample height, sample volume, moisture content (m c ) and dry wood density (ρ d ) are given.
Tree
Sampling height Sample volume (cm 3 ) (10) the ratio of the differences between fresh and dry wood and saturated and dry wood, for savanna species in Brazil. This implies that thoroughly accurate measurements can only be made when the moisture content is known at the time of measuring. The results of the field experiments confirm the findings of the sensitivity analysis. Clearly, the difference between Eqs. (5) and (10) is determined by both moisture content and dry wood density ( Figure 6 ). From Figure 7 , one would expect that Eq. (5) overestimates for low moisture contents, but is quite accurate for higher moisture contents of ~80%. From Figure 6 and Table 2 however, it is clear that moisture content alone is not sufficient to explain the over-or underestimations as for moisture contents of ~80%, large underestimations are obtained. These results also indicate that within the same tree, differences in both moisture content and/or dry wood density can occur, again stressing the importance of measuring both these parameters in proximity of the sensor. Figure 8 shows the possible impact of using Eq. (5) during field measurements of sap flux density. Here, the relative difference in sap flux density due to this single misinterpretation was ~11%. When absolute measurements of sap flow are needed, such differences can undoubtedly lead to erroneous results and interpretations.
Up to now, Eq. (5) was considered applicable for sapwood without considering the correct meaning of m c , hence missing the point of the original theory as developed by Siau (1971) . Unfortunately, in the papers mentioned in Table 1 , no indications are given of the dry wood density or moisture content used to calculate the thermal diffusivity according to Eq. (5), making an estimation of the errors in sap flux density for these studies impossible. However, for the model mentioned in Wullschleger et al. (2011) where K is calculated according to Eq. (5) with a K d value for dry wood based on Jones et al. (2004) , an error of ~15% is made for an assumed fibre saturation point of 0.3. Other heat transport models have probably based the implementation of K on Eq. (5) as well.
Equation (10) has the advantage of a correct underlying theory, although the additional parameter m c_FSP needs to be estimated. This parameter can, however, easily be derived from ρ d (Eq. (13)). Moreover, Eq. (10) is not very sensitive towards m c_FSP , especially for high moisture contents as is mostly the case for transpiring trees (Figure 4 ). Therefore, a wrong estimation of this particular parameter will only lead to small errors in D calculations according to Eq. (10). A much larger challenge lies in the determination of the moisture content. While this parameter is measured at the moment of sampling, the seasonal and daily variations are not taken into account. Taking multiple samples during the season will improve accuracy, but is often practically difficult due to enhanced tree damage. However, as the Tmax method has the prerequisite of zero flow conditions and limitations of a single-point measurement, Eq. (10) seems to be the more favourable method for D determinations in the field as to our knowledge, no other methods exist for determining thermal diffusivity during non-zero flow conditions. Nevertheless, a combination of methods is desirable. For instance, combining time domain reflectometry (Wullschleger et al. 1996 , Nadler et al. 2006 or tomography (Brazee et al. 2011, Bieker and Rust 2012) estimates of relative changes in moisture content with absolute measurements of D based on Eqn. (10) will likely result in improved sap flux density measurements but is of course more labour and cost intensive. Another option is to apply the compensation heat pulse method as its operating principle is independent of D. Unfortunately, this method is unable to resolve low or reverse flows. 
Vandegehuchte and Steppe
Conclusions
Thermal diffusivity is a crucial parameter in modern sap flow calculation methods such as the HFD and the HRM. However, due to a misinterpretation of m c in the analytical equations, the current applied methodology to determine D can lead to overor underestimations of up to 10% and more, depending on dry wood density, moisture content and fibre saturation point when compared with the more accurate approach which is presented in this paper.
